Abstract MicroRNAs (miRNAs) are a class of small RNAs that play a critical role in the coordination of fundamental cellular processes. Recent studies suggest that miRNAs participate in the cellular stress response (CSR), but their specific involvement remains unclear. In this study, we identify a group of thermally regulated miRNAs (TRMs) that are associated with the CSR. Using miRNA microarrays, we show that dermal fibroblasts differentially express 123 miRNAs when exposed to hyperthermia. Interestingly, only 27 of these miRNAs are annotated in the current Sanger registry. We validated the expression of the annotated miRNAs using qPCR techniques, and we found that the qPCR and microarray data was in well agreement. Computational target-prediction studies revealed that putative targets for the TRMs are heat shock proteins and Argonaute-2-the core functional unit of RNA silencing. These results indicate that cells express a specific group of miRNAs when exposed to hyperthermia, and these miRNAs may function in the regulation of the CSR. Future studies will be conducted to determine if other cells lines differentially express these miRNAs when exposed to hyperthermia.
Introduction
Mammalian cells frequently encounter conditions that can lead to stress. A few well-characterized stressors include hyperthermia, hypoxia, ionizing and non-ionizing radiation, ATP depletion, oxidative stress, and pathogenic stimuli (Schreck et al. 1992; Feder and Hofmann 1999; Kabakov et al. 2002; Kultz 2005; Diller 2006; Miller 2006; Millenbaugh et al. 2008) . At the cellular level, stressors can inflict strain on intracellular biomolecules (e.g., lipids, proteins, and DNA, and if such strain is appreciable, these biomolecules can undergo structural modifications that can preclude them from functioning properly. In addition, if the degree of strain exceeds the cell's capacity for repair, such exposures can also lead to cell death.
In order to survive and adapt to stressful conditions, all mammalian cells have evolved a molecular defense reaction called the cellular stress response (CSR). The CSR is rapidly activated in response to stress and primarily involves the following signaling pathways: redox, DNA sensing and repair, molecular chaperones, proteolysis, energy metabolism, and apoptosis (Kultz 2003) . Although countless proteins are associated with these pathways, a group of 44 evolutionary conserved proteins have emerged as core mediators (Kultz 2005) . These proteins, collectively referred to as minimal stress proteins, are regulated by cells at both the transcriptional and post-transcriptional levels. At the transcription level, the mRNAs for these stress proteins are transcribed for rapid de novo protein synthesis, whereas at the post-transcriptional level, regulation is executed on the pool of existing mRNAs, where some are selected for translation and others are suppressed.
Interestingly, although the pathways and proteins involved in the CSR are well characterized, the role that a recently discovered class of regulatory RNA-microRNAs-play in these mechanisms remains unclear. MicroRNAs (miRNAs) are small (21-23 nt), endogenous, non-coding RNA species that regulate gene expression by targeting mRNAs in a sequence-specific manner (Ambros 2001; Bartel 2004) . miRNAs are abundant, and studies suggest that as many as 40,000 molecules may populate a single cell (Lim et al. 2003) . The human miRNA gene family consists of 695 genes, and currently, it is regarded as one of the largest gene families (Griffiths-Jones 2004; Griffiths-Jones et al. 2006 .
MicroRNAs suppress protein synthesis at the posttranscriptional level by annealing-through complementary base-pair binding-to the 3′ untranslated region of their target mRNAs. They mediate these repressive effects by associating with a large protein complex called the RNAinduced silencing complex, which includes the Argonaute 2 (Ago2) protein as a core functional component (Pillai et al. 2007 ). Once associated, miRNAs then guide Ago2 to targeted mRNAs leading to translational repression, either by degrading mRNA (Meister et al. 2004; Bhattacharyya et al. 2006; Valencia-Sanchez et al. 2006; Pillai et al. 2007) or by interfering with translational machinery (Lee et al. 1993; Wightman et al. 1993) . Taken together, these mechanisms make miRNAs robust gene suppressors, and estimations predict that they may regulate over 30% of genes in mammalian cells (Lewis et al. 2005; Rajewsky 2006) .
Several studies report that miRNAs play critical roles in coordinating many fundamental cellular processes including development, proliferation, differentiation, death, and metabolism (Cimmino et al. 2005; Rougvie 2005; Gu and Iyer 2006; Johnson et al. 2007; Park and Peter 2008) . In addition, recent studies suggest that miRNAs participate in the CSR (Cimmino et al. 2005; Leung et al. 2006; Marsit et al. 2006; Kulshreshtha et al. 2007; Leung and Sharp 2007; Babar et al. 2008) . However, several fundamental questions remain unanswered concerning the role that miRNAs may play in these mechanisms: First, which specific miRNAs are expressed by cells exposed to stress? Second, what function do these miRNAs play in the context of the CSR? To answer these questions, we identified a group of miRNAs that are expressed by cells exposed to hyperthermia-a prevalent and well-characterized physiologic stressor. In addition, we used computational target-prediction programs to identify putative targets for these specific miRNAs. These answers serve to extend our current understanding of stress pathways and may possibly contribute to the development of clinical techniques, which utilize the inherent healing capacity of the stress response.
Materials and methods
Cell culture conditions and hyperthermia stress protocol Normal adult human dermal fibroblasts (HDF) were cultured as described previously (Wilmink et al. 2006) . In brief, HDFs were plated in 60-mm dishes (5,000 cells/cm 2 ) and were incubated overnight. On day 2, the plates were sealed with Para-film® and were heat-shocked in a water bath at 44°C for 40 min (Wilmink et al. 2009) . No significant change in pH was observed.
RNA isolation and normalization RNA was harvested from samples 4 h post-exposure, a time point shown to have maximum HSPA1A mRNA levels, using RNeasy Mini-Kit (Qiagen) (Wilmink et al. 2006 ). The RNA concentration was assessed on a NanoDrop Spectrophotometer (NanoDrop Technologies), and the quality was measured on a 2100 Bioanalyzer™ (Agilent Technologies). We only used samples with an RNA Integrity Number greater than 9.5. mRNA microarrays and PCR To verify that our hyperthermia stress protocol induced an appreciable CSR, we conducted microarray and real-time comparative C t RT-PCR studies. Two micrograms of RNA was used for preparation of biotin-labeled targets (cRNA) using MessageAmp™-based protocols (Ambion Inc). Labeled cRNA was fragmented (0.5 µg/µL per reaction) and was used for array hybridization and washing. The cRNA was mixed with a hybridization cocktail, heated to 99°C for 5 min, and then incubated at 45°C for 5 min. Hybridization arrays were conducted for 16 h in an Affymetrix Model 640 hybridization oven (45°C, 60 rpm). Arrays were washed and stained on an FS450 Fluidics station and were scanned on a GeneChip Scanner 3000 7G. Image signal data, detection calls, and annotations were generated for every gene using the Affymetrix Statistical Algorithm MAS 5.0 (GCOS v1.3) algorithm. A log 2 transformation was conducted and a Student's t test was performed for comparison of the two groups. We conducted multiple testing correction-Benjamini and Hochberg-to determine the false discovery rate, and statistical significant genes were identified using Bonferroni correction procedures (−log 10 p cutoff >6.04) (Benjamini et al. 2001) . The targets identified in the microarray study were validated using qPCR. Runs were performed on a StepOnePlus™ RT PCR system using TaqMan® RNA-to-CT™ 1-Step Kits and TaqMan® Assays for: HSPA1A, HSPA6, HSPA4L, DNAJA4, DNAJB1, HSPH1, and β-actin (Applied Biosystems). Calibrator RNA was used as control (Cell Applications Inc). PCR was conducted using a threeprogram LightCycler® protocol and analyzed as previously described (Wilmink et al. 2006) . miRNA microarrays and PCR miRNA microarrays were used to identify stress-responsive miRNAs, and qPCR was conducted to verify their expression. MicroRNA was Fig. 1 Hyperthermia stress protocol induces an appreciable cellular stress response as evidenced by the marked up-regulation of minimal stress proteins. Dermal fibroblasts were exposed to a hyperthermia protocol (44°C for 40 min), and RNA was extracted 4 h postexposure. Microarrays and qPCR analyses were conducted for control and treatment groups with n=6 for each group. a Volcano plot of mRNA microarray data, where the magnitude of the expression is plotted versus the level of statistical significance. Statistical significant genes were identified using Bonferroni correction procedures with a cutoff of −log 10 p>6.04. Statistically insignificant targets (empty circles), significant targets (triangles), significant minimal stress proteins (filled stars). Data are expressed as means. b Gene expression for minimal stress proteins (HSPA1A, HSPA6, HSPA4L, DNAJA4, DNAJB1, and HSPH1) using qRT-PCR. The mRNA expression fold values 2 ÀΔΔCt À Á were measured for sham and treatment groups with n =6 for each group. Values were calculated in relation to β-actin and normalized to a separate RNA calibrator. Sham (gray bar), treatment (black bar). Data are expressed as means ± SD; ***p<10 ; between indicated groups Identification of thermally regulated microRNAsextracted using the miRNeasy mini kit, per manufacturer's instructions (Qiagen). For the miRNA microarray experiments, we used an Affymetrix GeneChip® (DiscovArray™, Asuragen Services), which includes all miRNAs from the Sanger miRBase, and greater than 12,000 predicted miRNAs (Griffiths-Jones 2004; Bentwich et al. 2005; Berezikov et al. 2005; Xie et al. 2005; Cummins et al. 2006; Griffiths-Jones et al. 2006 significant. Normalized log 2 -transformed intensity values were analyzed using JMP Genomics 3.2 (SAS Institute, Cary, NC, USA). To verify and quantify the magnitude of target expression, we conducted a two-step qRT-PCR. PCR was performed on the same pool of miRNA that was used in the microarray study. Reverse transcription was carried out using a TaqMan® miRNA RT Kit, a miRNA Assay RT Probe of interest (Applied Biosystems), and a MasterCycler® Gradient thermal cycler (Eppendorf). The following TaqMan® miRNA Assay probes were used: RNU48 (Control), let-7d, mir-125b, -452, -382, -378, -101, -424, -138, -376a, -196a, and -196b . PCR was performed per manufacturer's instructions using a StepOnePlus™ Real-Time PCR system, a TaqMan® Universal PCR Master Mix, and No AmpErase® UNG (Applied Biosystems).
The miRBase sequence database The miRBase database is the primary searchable repository for published miRNAs (http://microrna.sanger.ac.uk/). Release 14 of the database contains 10,883 entries for hairpin miRNA precursors and 10,581 mature miRNA products. We used this database to determine which miRNA targets were annotated, to name our unpublished miRNA targets, and to predict putative mRNA targets.
Computational target-prediction algorithms We identified putative miRNA targets using the following computational algorithms: Microcosm's miRBase target tool, PITA, and Tarbase. Microcosm and PITA were used to quantify the thermodynamic stability for each miRNA-mRNA duplex (Griffiths-Jones 2004; Griffiths-Jones et al. 2006 Hofacker 2003) . The Microcosm target tool is more sophisticated than traditional algorithms, which rely solely on sequence complementarity. miRBase uses a two-step process, where in the first step a miRanda algorithm is used to identify binding sites for miRNAs, and then in the second step, a Vienna RNA folding program is employed to estimate the thermodynamic stability for each predicted duplex. Since this algorithm actually computes the energy gained when a duplex is formed (ΔG duplex ), it may provide more accurate target predictions. The second computational tool we used Fig. 3 Quantification of microarray data and qPCR validation of annotated thermally regulated microRNAs (TRMs). a-b miRNA microarray expression data for thermally up-regulated and thermally down-regulated miRNAs (mean ± SD, n=6). For both plots, the mean log 2 fold change between the treatment and sham groups is plotted for each miRNA. c-d Taqman qRT-PCR validation of thermally regulated miRNA targets. Fold-changes (treatment relative to sham) were calculated using the 2 ÀΔΔCt method. Values were calculated against designated calibrators and were normalized to RNU48-endogenous control. TURMs (black bar), TDRMs (gray bar). Data are expressed as means ± SD; *p<0.05, **p<0.01; between indicated groups was PITA. PITA is a thermodynamic modeling program that accounts for the fact that in order for miRNAs to bind to their targets, they must first remove their targets 2°s tructure-a process referred to as the ΔG open . Thus, in contrast to MiRanda, which only measures half of the binding process (ΔG duplex ), PITA actually computes both elements of the process. In addition, PITA can also be used to calculate the ΔΔG, where ΔΔG = ΔG open − ΔG duplex (Kertesz et al. 2007 ). Recent studies have demonstrated that ΔΔG values outperform other algorithms and actually correlate quite well with experimentally measured degrees of mRNA suppression. For this study, we used the following PITA settings: minimal seed size, 6; minimum seed conservation, 0; flank settings, no flank. Last, all miRNA targets were examined using the TarBase database. TarBase is a comprehensive database of experimentally supported animal miRNA targets that is available online at http://www. dian.pcbi.upenn.edu/tarbase (Sethupathy et al. 2006) .
Results
Hyperthermia induces an appreciable cellular stress response We conducted an initial set of experiments to determine whether our hyperthermia stress protocol induced an appreciable transcriptional stress response in dermal fibroblasts. Since a signature feature of an appreciable stress response is the rapid and marked upregulation of minimal stress proteins (Kultz 2003) , we conducted microarray and PCR analyses to examine the genes that dermal fibroblasts express when exposed to hyperthermia (Fig. 1a, b) . After applying Bonferroni correction procedures to the microarray data, we found that the treatment group differentially expressed 1,467 genes, and of these, 738 were up-regulated and 729 were down-regulated (Fig. 1a) . Additionally, we found that the treatment group expressed transcripts for 32 of the 44 minimal stress proteins, and of these, 23 encoded for molecular chaperone proteins-primarily heat shock proteins (Hsps). We also found that the transcripts encoding for Hsp70 and Hsp40 exhibited the greatest increase in expression and the highest level of statistical significance (p value <10 −14 ) (Fig. 1a) .
To validate these microarray results, we then conducted qRT-PCR analyses for the gene targets that exhibited statistical significance: HSPA1A (Hsp70), HSPA6 (Hsp70), HSPA4L (Hsp70L), DNAJA4 (Hsp40), DNAJB1 (Hsp40), and HSPH1 (Hsp105) (Fig. 1b) . For all of the genes tested, we found that the treatment group exhibited statistically significant increases in expression compared to the sham group. The gene with the greatest increase in expression was HSPA1A, which was induced by ∼728-fold following treatment. Together, the microarray and PCR data both confirm that the hyperthermia protocol induced a considerable stress response.
Identification of miRNAs associated with hyperthermiainduced CSR Next, we used miRNA microarrays to identify the miRNAs that dermal fibroblasts express when exposed to our hyperthermia protocol. A summary of the miRNA microarray data is provided as a volcano plot in Fig. 2a . We found that 123 miRNAs-which we refer to as thermally regulated miRNAs (TRMs)-were differentially expressed by the treatment group. Interestingly, of these 123, only 27 are annotated in the current Sanger registry. Further studies are being conducted on the remaining 96 miRNA sequences, and these potential new miRNA genes will be submitted to the registry. A summary of the miRNA microarray data is provided in Fig. 2b . We found that 83 miRNAs were down-regulated and 40 were up-regulated. The predicted miRNA genes exhibiting the highest level of differential expression are provided in Fig. 2c .
Quantification and validation of annotated thermally regulated miRNAs To examine the consistency of the miRNA microarray data, we quantified the expression of each annotated TRM (Fig. 3a, b) . In these plots of the microarray data, the average log 2 difference (treatment relative to sham) is provided for each of the 27 annotated TRMs. We found that nine miRNAs were thermally upregulated (TURMs), and 18 were thermally down-regulated (TDRMs) (Fig. 3a, b) . Of the annotated TURMs, miRNA125b, -382, and -452 showed the greatest increase in expression, and of the annotated TDRMs, showed the greatest decrease in expression. To validate the microarray results, we then applied PCR techniques to quantify the expression for several of the identified miRNAs. Plots of the mean fold-expression changes are provided in Fig. 3c, d . We found that the targets with the highest level of statistical significance were miR-125b, -452, -101, -let-7c, -196a, and -196b . We found that the qPCR and microarray data were consistent for all of the miRNAs tested.
Putative target identification To determine putative mRNA targets for the annotated TRMs, we then used several computational target-prediction algorithms. These algorithms were used to generate a list of the five most probable and interesting putative mRNA targets for each miRNA. The first prediction tool we used was the Microcosm miRanda algorithm. This algorithm computes the energy gained when a duplex is formed (ΔG duplex ), where more negative ΔG duplex values represent interactions that are more favorable. The second tool we used was the PITA tool (Kertesz et al. 2007 ). This thermodynamic modeling program accounts for the observation that in order for miRNAs to bind their targets, they must first remove their putative target's secondary structure. For PITA analyses, negative ΔΔG scores represent more favorable miRNAmRNA interactions. The last tool we used was the Tarbase database. This database is a collection of empirically validated targets (Papadopoulos et al. 2009) .
A list of the highest scoring and most interesting mRNA putative targets are provided for each annotated TRM (Tables 1 and 2 ). Of the 55 putative targets, we found that only eight have been empirically validated: miR-378-SUFU, miR-101- MYCN, , and let-7c-TRIM71 (Lewis et al. 2003 (Lewis et al. , 2005 Yekta et al. 2004; Lee et al. 2007; Lin et al. 2007; Mitomo et al. 2008) . Interestingly, many of the 47 remaining putative targets have known CSR functions: proteolysis (miR-101-UBE2A); molecular chaperones (miR-125b-DNAJB2, miR-424-HSPA4L, miR-424-DNAJB4, miR-125b-TTC7A, miR-452-TTC7A, miR-378-TTC7A, miR-378-HSP90AB1, miR-138-CCT5, miR-138-HSPA4L, miR-376a-HSPA6, miR-let-7c-HSPB2, and miR-196a-HSPH1) (Kojima et al. 2004; White et al. 2005) ; protein trafficking (miR-125-ZFYVE1); metabolism (miR-382-KYNU, miR-378-KLK4, miR-376a-MAN1C1, miR-let-7c-GALE, and miR-let-7c-RNF20); cell cycle progression (miR-101-MYCN, miR-196a-HOXC8, and miR-196b-HOXC8) (Deraison et al. 2007; Kamel et al. 2009) (Tables 1 and 2 ). In addition, several of the annotated TRMs (miR-125b, -138, and -376a) may target AGO2, an integral protein required for miRNA mediated repression (Leung et al. 2006) (Tables 1 and 2 ).
Discussion
MicroRNAs are known to play critical roles in development, cell proliferation, and other fundamental cellular processes (Cimmino et al. 2005; Rougvie 2005; Gu and Iyer 2006; Johnson et al. 2007; Park and Peter 2008) . In addition, miRNAs have also been suggested to be involved in the CSR; however, a few fundamental questions remain largely unanswered (Cimmino et al. 2005; Leung et al. 2006; Marsit et al. 2006; Kulshreshtha et al. 2007; Leung and Sharp 2007; Babar et al. 2008) . First, which specific miRNAs do cells express when exposed to stress? Second, what function do they play in the context of the stress response? In this study, we show that dermal fibroblasts differentially express a group of 123 miRNAs when exposed to hyperthermia. Interestingly, of these 123, only 27 are annotated in the current Sanger registry. Future validation studies will be conducted on the remaining 96 predictive sequences to determine if they are new miRNA genes. Using computational target-prediction algorithms, we identified a list of putative mRNA targets for the annotated TRMs. Interestingly, the data show that putative targets for the TRMs are the following: DNAJB2, HSPA4L, TTC7A, HSPA6, AGO2, HOXB8, and HOXC8. Thus, the results of this study indicate that dermal fibroblasts do express a specific group of miRNAs when exposed to thermal stress, and these specific miRNAs appear to have putative targets for established components of the stress network.
Thermally regulated miRNAs-identification and implication To our knowledge, this is the first study to identify the miRNAs that are associated with hyperthermia-induced CSR. However, several studies have previously reported that cells do in fact alter their miRNA expression profile when exposed to the following stressors: folate deficiency, arsenic exposure, radiation, hypoxia, and cigarette smoke (Marsit et al. 2006; Kulshreshtha et al. 2007; Weidhaas et al. 2007; Izzotti et al. 2009 ). Curiously, after comparing our results to those of previous studies, we unveiled three noteworthy findings: (1) several miRNAs (miR-125b, -222, -22, and let-7c) are expressed in response to most stressor types; (2) several TRMs (miR-452, -382, and -378) are only expressed by cells exposed to hyperthermia; and (3) cells primarily down-regulate miRNAs when exposed to stress (Table 3) .
The above findings have important implications that may serve to extend our current understanding of stress pathways in several ways. First, the observation that a few miRNAs are expressed in response to most types of stress is evidence that these miRNAs are not exclusive to the CSR elicited by hyperthermia. In fact, these particular miRNAs may be part of a larger group of miRNAs that function as integral components of the CSR. Analogous to their protein counterparts, future studies may refer to this group as "minimal stress miRNAs." Second, the finding that a few of the annotated TRMs (miR-452, -382, and -378) are not expressed by cells exposed to other types of stress suggests that these miRNAs may be stress-type dependent. Since it has been traditionally assumed that cells monitor stress based on general macromolecular damage-without regard for the type of stress imposed-these data may provide evidence that these three miRNAs may in fact be preferentially regulated in response to hyperthermia. In fact, it is possible that these miRNAs are signature thermal biomarkers. Furthermore, since hyperthermia is known to preferentially induce appreciable levels of protein denaturation, it may be possible that these miRNAs are involved in mechanisms responsible for combating this type of perturbation. Additionally, from a more global perspective, this finding may also imply that cells elicit different miRNA mechanisms to sense and respond to different types of stress (Leung and Sharp 2007) . Last, we found that a greater number of miRNAs were down-regulated-rather than up-regulated-in cells exposed to stress. Similarly, Izzotti et al. also found that lung cells down-regulate a greater number of miRNAs when exposed to cigarette smoke (Izzotti et al. 2009 ). Since stressed cells demand rapid protein translation, and miRNAs are known to repress translation, it is possible that cellular mechanisms may have evolved to reduce de novo miRNA synthesis during times of stress . In other words, during times of stress, cells may require miRNA down-regulation to translate minimal stress proteins in a very rapid, robust, and efficient manner. Future studies may discover that miRNA down-regulation may be as critical to the CSR as the up-regulation of minimal stress proteins. Therefore, to provide support for the concept of conservation of hyperthermia-specific TRMs, future studies should be conducted using other cell types.
Delineating the function of miRNAs in the context of the CSR We found that many-32 of the known 44-minimal stress proteins were up-regulated in cells exposed to hyperthermia. Intriguingly, we also found that over 70% of these genes encoded for members of the heat shock protein family. Given that Hsp70 and Hsp40 are the most highly induced and well-characterized targets of heat shock, these findings are not surprising and are consistent with our previous studies (Wilmink et al. 2009 ). However, one surprising finding is that Hsp70 (HSPA4L and HSPA6) and Hsp40 (DNAJB2) are both putative targets for the TRMs (Tables 1 and 2) . Several studies have shown that HSPA4L is a stress-responsive gene that is regulated at a transcriptional level by heat shock factor 1 binding to the 5′ region of the heat shock element (Morimoto 1993; Morimoto et al. 1996; Kojima et al. 2004) . However, studies have not shown that HSPA4L may have secondary regulation by miRNAs. Since TRM's may target HSPA4L, it is possible that cells may have evolved mechanisms to down-regulate the expression of miRNAs that would otherwise bind to and impair the translation of minimal stress proteins, such as HSPA4L.
In addition to the HSP targets, we also found Ago2 is a putative target for several and376a) . Since miRNAs associate with Ago2 to impair protein translation, it may be possible that cells may require less miRNAs and Ago2 when exposed to stress (Lee et al. 1993; Wightman et al. 1993 ). In addition, our microarray and qPCR data both confirm that Ago2 mRNA levels are reduced in cells exposed to hyperthermia (Fig. 1a) .
Although previous studies have suggested a link between Ago2, miRNAs, and cellular stress, the exact mechanisms governing these interactions still remain unclear (Leung et al. 2006; Leung and Sharp 2007) . Traditional models contend that Ago2 inhibits protein synthesis in one of two ways: (1) if a miRNA has "perfect" target complementarity then cleavage mechanisms are activated or (2) if a miRNA has "imperfect" target complementarity then impairment mechanisms are activated. In addition to these mechanisms, more recent investigations have shown miRNAs can also directly reduce the concentration of their targets using rapid mRNA deadenylation mechanisms (Lee et al. 1993; Wightman et al. 1993; Moss et al. 1997; Wu et al. 2006) . To further complicate matters, it has also been shown that miRNAs can induce gene expression (Place et al. 2008) . In addition, miRNAs may actually be able to oscillate between states of protein repression and activation-depending on the state of the cell cycle (Vasudevan et al. 2007) . Specifically, such findings showed that during times of proliferation, miRNAs repress translation, but during G 1 /G 0 arrest, they activate translation (Vasudevan et al. 2007) . Although this phenomenon was observed using serum-starved conditions, hyperthermic stress may also affect the state of the cell cycle and in turn affect the functional state of the miRNAs. Overall, the role that Ago2 and miRNAs play during cellular stress remains poorly understood. Future investigations need to be conducted to better understand these relationships.
In summary, we provide evidence that dermal fibroblasts differentially express a group of 123 miRNAs when exposed to hyperthermia stress. We also provide evidence that minimal stress proteins and AGO-2 are putative mRNA targets for these miRNAs. These results indicate that dermal fibroblasts express a specific group of miRNAs when exposed to hyperthermia, and these miRNAs may function in the CSR. We plan to conduct future studies to determine whether other cell types differentially express these TRMs when exposed to hyperthermic stress.
